INTRODUCTION
Cu is an essential micronutrient required by all organisms. During evolution, the element Cu has been selected as a cofactor in the active centers of a diverse group of proteins because of its unique and powerful chemical properties. Cu can adopt both the cuprous (+I) and cupric (+II) oxidation states at physiologically relevant conditions and is thus suitable for catalysis of singleelectron transfer reactions. Furthermore, among all essential transition metals, Cu cations undergo the most stable coordinative interactions with donor electron pairs from ligand molecules (Fraú sto da Silva and Williams, 2001 ).
To be able to exploit the potent chemistry of Cu without succumbing to its deleterious interactions, organisms have to regulate Cu uptake, internal movement, and binding partners precisely (Puig and Thiele, 2002; De Freitas et al., 2003) . In recent years, the Cu homeostasis network has emerged as a paradigm in transition metal homeostasis, owing to the pioneering work on the roles of metallochaperone proteins in its operation and its surprising conservation among eukaryotes (Burkhead et al., 2009; Robinson and Winge, 2010) . Discoveries were facilitated by the comparably sparse use in biology of Cu, which was much less available before the oxygenation of the Earth's atmosphere (Ridge et al., 2008) . The potent and important biochemical functions of Cu in single-electron transfer reactions, Fe homeostasis, energy metabolism, and redox homeostasis are reflected in the dramatic consequences of defects in Cu homeostasis, as known in human Menkes and Wilson diseases (Shim and Harris, 2003) .
Cu has also adopted critical functions at the very core of plantspecific biochemistry. A Cu metalloprotein of central importance is plastocyanin, which acts as the soluble electron carrier between the cytochrome b 6 f complex and photosystem I in the thylakoid lumen (Redinbo et al., 1994) . The role of Cu in gas binding by the receptors for the plant hormone ethylene exemplifies an as yet only marginally explored functional implication of Cu homeostasis in plant signaling and developmental regulation (Rodriguez et al., 1999) . Finally, the use of Cu in mitochondrial cytochrome c oxidase (Tsukihara et al., 1995) and in the synthesis of extracellular matrix components (Fraú sto da Silva and Williams, 2001) , which is rather widespread in biology, is also found in plants (Burkhead et al., 2009) .
Plants require Cu at minimum concentrations of around 5 mg g 21 leaf dry biomass and encounter Cu toxicity when concentrations exceed ;20 mg g 21 dry biomass (Marschner, 1995; Burkhead et al., 2009) . In crops, well-described symptoms of Cu limitation are reduced growth rates due to impaired photosynthesis, leaf bleaching, and reductions in the physical stability of plants, pollen fertility, seed set, and yield, as well as an increased incidence of ergots in wheat (Triticum aestivum; Marschner, 1995; Solberg et al., 1999) . Cu deficiency is widespread in agricultural soils high in organic matter content and affects, for example, an estimated 19% of arable land in Europe (Shorrocks and Alloway, 1988) . Based on experimental work and the presence of conserved Cu binding motifs, the Arabidopsis thaliana Cu metalloproteome can be estimated to comprise more than 200 proteins, the majority of which are of unknown function (Andreini et al., 2008) . Plastocyanin is the most abundant Cu protein in vascular plants and contains more than half of the chloroplastlocalized Cu (Marschner, 1995) . Cu/Zn superoxide dismutases in the cytosol, peroxisomes, and chloroplasts and cytochrome c oxidase in the mitochondria are also highly abundant. A large class of Cu-dependent proteins are multicopper oxidases (MCOs), many of which are annotated as laccase (LAC)-like and are generally thought to catalyze the radical-mediated oxidative polymerization of phenyl propanoids into lignins in secondary cell wall formation (McCaig et al., 2005; Burkhead et al., 2009) .
Arabidopsis is known to respond to Cu deficiency by enhancing the transcription of genes encoding membrane proteins implicated in Cu acquisition and transport, in particular COPPER TRANSPORTER1 (COPT1), COPT2, YELLOW STRIPE-LIKE2 (YSL2), ZINC-REGULATED TRANSPORTER IRON-REGULATED TRANSPORTER PROTEIN2 (ZIP2), and FERRIC REDUCTASE OXIDASE3 (FRO3), as well as the metallochaperone COPPER CHAPERONE (CCH) Mukherjee et al., 2006; Yamasaki et al., 2009 ). The second type of response has so far uniquely been described under deficiency of Cu and involves a reorganization of metabolism to economize on Cu. According to the current working model, the Cu-dependent proteins of major abundance, Cu/Zn superoxide dismutases CSD1 and CSD2, are replaced by Fe superoxide dismutase isoforms to maintain the function of the Cu protein plastocyanin, more specifically of isoform 1 (PETE1), under Cu deficiency AbdelGhany et al., 2005; Puig et al., 2007; Abdel-Ghany, 2009 ). This fundamental principle of Cu conservation was first described in the green alga Chlamydomonas reinhardtii, in which under Cu deficiency plastocyanin is replaced by the haem-containing cytochrome c 6 (Quinn and Merchant, 1995; Kropat et al., 2005) . In C. reinhardtii, Cu deficiency-responsive transcriptional activation and the downregulation of the levels of specific proteins are both dependent on the COPPER RESPONSE REGU-LATOR1 (CRR1). In Cu-deficient cells, CRR1 binds to a Cu response element (CuRE) containing the sequence motif GTAC as an essential core element (Quinn and Merchant, 1995; Kropat et al., 2005; Sommer et al., 2010) . The CuRE can be located in the promoter region or further upstream of genes, so that under Cu deficiency, either increased levels of functional or nonfunctional transcripts are synthesized, respectively Merchant et al., 2006) . Importantly, CRR1 also regulates the expression of a protease that mediates the degradation of plastocyanin under Cu deficiency, thus effecting Cu economy (Castruita et al., 2011) .
In Arabidopsis, Cu economy is achieved through a homologous pathway involving the transcriptional regulator SQUA-MOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7) and related CuREs, but the mechanism of action is distinct (Yamasaki et al., 2009; Sommer et al., 2010) . In fact, the specificity of the Zn finger-containing DNA binding domain of SPL7 for binding of double-stranded DNA containing a GTAC core motif was shown even before both were implicated in Cu homeostasis (Yamasaki et al., 2004) . Cu-deficient plants downregulate the abundance of specific Cu-dependent proteins primarily at the transcript level through an increase in the abundance of the so-called CumicroRNAs (miRNAs) miR408, miR397, miR398, and miR857, which in turn cause the cleavage of target transcripts (Yamasaki et al., 2007 (Yamasaki et al., , 2009 Abdel-Ghany and Pilon, 2008) . In addition to CSD1 and CSD2, further target transcripts of miR398 are COP-PER CHAPERONE FOR SOD (CCS), encoding the cognate metallochaperone Beauclair et al., 2010) , and COX-5b, which encodes the plant homolog of the Zn binding subunit of cytochrome c oxidase (Yamasaki et al., 2007) . Subsequently, miR408 was shown to target PLANTACYANIN (ARPN), LAC3, LAC12, LAC13, miR397 LAC2, LAC4, LAC17, and miR857 LAC7 (Abdel-Ghany and Pilon, 2008) .
C. reinhardtii CRR1 and Arabidopsis SPL7 are members of the squamosa promoter binding protein (SBP) domain family of transcription factors, which is unique to green algae and plants (Klein et al., 1996) . Different from the Cu homeostasis network itself, the transcriptional regulators orchestrating it are not conserved across kingdoms (Winge, 1998) .
Here, we present a genome-wide analysis of the transcriptional responses of Arabidopsis to Cu deficiency, based on Illumina RNA-Seq technology. In parallel, the dependence of the Arabidopsis Cu deficiency regulon on the transcription factor SPL7 is monitored using a newly identified spl7 allele. We identify 1563 genes that respond to Cu deficiency at the transcript level, among them 883 in roots and 731 in shoots. Of these, transcript levels of the physically linked FRO4 and FRO5 genes are highly responsive to Cu deficiency. The biological significance of this regulation is validated by its dependence on SPL7 and the obliterating impact of FRO4/FRO5 knockdown on root surface Cu(II)-specific reductase activity and Cu uptake rates of root tips. In addition, we diagnose secondary Fe deficiency in Cu-deficient wild-type plants, which is exacerbated in the spl7 mutant. A defect in root-to-shoot Fe movement in Cu-deficient spl7 mutant plants is associated with a loss of ferroxidase activity, suggesting the involvement of a MCO in Fe homeostasis of a vascular plant, by analogy to related pathways in yeast, humans, and green algae. In wild-type plants, this function is prioritized by the Cu homeostasis network.
RESULTS

Transcriptional Cu Deficiency Responses of Arabidopsis as Determined by RNA-Seq
To identify transcriptomic Cu deficiency responses comprehensively and simultaneously assess their dependence on SPL7, two independent T-DNA insertion lines disrupted in the SPL7 gene were isolated in the Columbia-0 (Col-0) background and characterized. In the spl7-1 (Yamasaki et al., 2009 ) and the newly isolated spl7-2 mutant (see Methods), insertion of T-DNAs in the 5th exon and 8th intron of the SPL7 gene, respectively, result in a >11-fold reduction in full-length SPL7 transcript levels in roots and a >10-fold reduction in shoots when compared with the wild-type or to an spl7-2 mutant complemented with a 5.9-kb genomic fragment containing the SPL7 gene (see Supplemental Figure 1 online). The effects of Cu deficiency on growth of wild-type and spl7 mutant plants were then documented at the seedling stage in the previously used Murashige and Skoog medium (Yamasaki et al., 2009 ) and a newly designed EDTA-free agar-based solid Hoagland medium and in 6-week-old vegetative plants grown hydroponically (see Supplemental Figure 2 online). In the hydroponic growth system, wild-type (Col-0) and spl7-2 mutant plants were either maintained in control solution or transferred to a Cu-deficient hydroponic solution for the final 3 weeks of cultivation (for details, see Methods; see Supplemental Figures 2A to 2C online) . Under all Cu-sufficient conditions, the appearance and biomass production of wild-type plants and the two spl7 mutant lines were similar (see Supplemental Figure 2 online). Under Cu-deficient conditions, typical symptoms of Cu deficiency were observed in the wild type, including chlorosis and strongly reduced shoot and root biomass production (Marschner, 1995) . Whereas these symptoms were evident in seedlings maintained in Cu-deficient media from germination on, vegetative plants grown hydroponically appeared healthy and exhibited merely a slight reduction in shoot biomass under the Cu deficiency conditions employed here (see Supplemental Figure 2 online). In all cultivation systems, Cu deficiency symptoms were considerably more severe in spl7 mutants than in wild-type plants or in the complemented spl7-2 mutant (see Supplemental Figure 2 online). SPL7 function is thus of major importance for plant growth under Cu deficiency not only in seedlings (Yamasaki et al., 2009 ), but also in older, vegetative plants.
The physiological status of hydroponically grown plants was confirmed by measuring the abundance of previously described Cu-responsive transcripts in roots and shoots using real-time RT-PCR (Sancenó n et al., 2003; Wintz et al., 2003) . Compared with plants grown under control conditions, shoot transcript levels of FSD1 and YSL2 (DiDonato et al., 2004) were upregulated, and those of CCS, CSD1, and CSD2 were downregulated, in response to Cu deficiency in the wild type, but not in the spl7-2 mutant (see Supplemental Figure 3 online). Transcript levels of CSD2 remained slightly downregulated in response to Cu deficiency in the spl7-2 mutant, indicating that the repression of CSD2 transcript abundance is not exclusively SPL7 dependent. YSL2, CCH, CCS, and CSD1 were observed to respond similarly in both shoots and roots. The upregulation of root transcript levels of COPT1, COPT2, ZIP2, and CCH detected in the wild type under Cu deficiency was absent in spl7-2. An SPL7-dependent upregulation of MIR398b and c, but not MIR398a, precursor transcripts levels under Cu deficiency was observed in shoots and to an even higher degree in roots (see Supplemental Figure 4 online). Wild-type plants grown hydroponically under Cu deficiency exhibited the characteristic biochemical Cu deficiency responses of superoxide dismutase activities but were free of any visible pleiotropic symptoms of general stress (see below and Supplemental Figure 2 online). Across all genotypes and treatments, constant transcript levels of ASCORBATE PEROXIDASE1 (APX1) as a known general stress marker gene and of IRON-REGULATED TRANSPORTER3 (IRT3) as a known Zn deficiency marker gene indicated the absence of general stress and Zn deficiency, respectively (see Supplemental Figure 3C online). Taken together, these results indicated that known SPL7-dependent transcriptional Cu deficiency responses reported previously in whole seedlings (Yamasaki et al., 2009) were also observed in roots or shoots of hydroponically grown older, vegetative plants.
The whole-transcriptome analysis protocol from Illumina (RNA-Seq) was subsequently used for a genome-wide analysis of mRNA abundance in roots and shoots of Cu-deficient and wild-type (Col-0) and spl7-2 mutant plants. We obtained a total of 90 million reads (>3 Gb), which were mapped to the Arabidopsis genome and employed for the estimation of transcript abundance and differential expression (for details, see Methods; see Supplemental Data Set 1 online). On this basis, we identified 1563 genes responding to Cu deficiency through an at least twofold upward or downward change in transcript levels with a false discovery rate (FDR) below 1%. Of these, we found transcript levels of 206 genes (13.2%) to be regulated in an SPL7-dependent fashion (see Supplemental Data Set 1 online; see Methods for details on data filtering). For 537 genes in shoots and 398 genes in roots, we observed an at least twofold upward change in transcript levels in response to Cu deficiency in the wild type, and 346 genes in shoots and 333 genes in roots showed an at least twofold downward change ( Figure 1A) . Overall, 19.7% of the Cu-responsive transcripts in roots and 9.1% in shoots were regulated in an SPL7-dependent fashion. The proportion of SPL7-dependently regulated Cu deficiencyresponsive transcripts for which a common regulation was shared between roots and shoots was 4 times higher (8.1%) than among the Cu deficiency-responsive transcripts regulated independently of SPL7 (2.1%) ( Figure 1B) .
Global functional analysis based on MapMan bins suggested that among Cu deficiency-responsive transcripts there was an overrepresentation of biotic stress, cell wall, hormone metabolism, metal homeostasis and transport, photosynthesis, secondary metabolism, signaling, and general membrane transport functions ( Figure 1C ) (Thimm et al., 2004) . Among these functional classes, SPL7-dependent Cu-responsive regulation was prominent in metal homeostasis/transport and general transport. Additionally, genes encoding miRNAs and proteins with redox functions were overrepresented among the transcripts that were both Cu responsive and SPL7 dependent. Despite an overrepresentation of Cu-dependent proteins in mitochondrial electron transport and the tricarboxylic acid cycle, very little Cu-dependent transcriptional regulation occurred within these functional classes. Conversely, there was an overrepresentation of biotic stress, cell wall, hormone metabolism, and photosynthesis-related transcripts (A) Genes responding transcriptionally to Cu deficiency in an SPL7-dependent or independent fashion according to RNA-Seq. Bars represent the number of genes for which transcript levels were changed in response to Cu deficiency in the wild type. Arrows indicate up-or downregulation under Cu deficiency. The striped portion of the bars shows the number of genes regulated in an SPL7-dependent manner, and the remainder (black portion) the number regulated independent of SPL7. Transcript abundance was concluded to increase/decrease under Cu deficiency for a gene when arithmetic means of transcript abundances differed by a factor of at least 2 (FDR < 0.01) in 6-week-old wild-type Arabidopsis (Col-0) cultivated in Cu-deficient (ÀCu) hydroponic solutions for 3 weeks when compared with control plants cultivated in modified Hoagland solution containing 0.25 mM Cu (+Cu) throughout. Furthermore, changes in transcript levels were concluded to be dependent on SPL7 if, additionally, [log 2 FC (wild type ÀCu versus spl7 ÀCu) $ 0.5 log 2 FC (wild type ÀCu versus wild type +Cu] for log 2 FC (wild type ÀCu versus wild type +Cu) > 1, and [log 2 FC (wild type ÀCu versus spl7 ÀCu) # 0.5 log 2 FC (wild type ÀCu versus wild type +Cu)] for log 2 FC (wild type ÀCu versus wild type +Cu) < -1. Note that 0.1 hpm was assigned to all genes for which no hits were obtained in the respective sample. (B) Genes responding transcriptionally to Cu deficiency in an SPL7-dependent or -independent fashion in roots and shoots. Arrows indicate up-or downregulation under Cu deficiency. Ovals represent the number of genes for which transcript levels were changed in response to Cu deficiency in shoots (black) or roots (gray) according to RNA-Seq. The overlap between the ovals shows the number of genes regulated in both tissues. Data and data filtering were as described in (A). (C) Functional categories represented by the Cu deficiency-responsive genes. For each group of genes, identically colored bars indicate the fraction of genes assigned to the MapMan functional categories (BIN) specified. Shown are only those functional categories that were significantly overrepresented in at least one of the groups. Genes in each group are characterized by common regulation at the transcript level as indicated, based on RNASeq data (see Supplemental Data Set 1 online). Values for all expressed genes (gray) and values for genes encoding Cu metalloproteins (black) are shown for reference; 15 to 30% of genes are of unknown function. Significant enrichment of a functional category in a group of genes (P < 0.05, Fisher's exact test with Bonferroni corrections) is marked by asterisks. Data and data filtering were as described in (A). Refer to Methods and Supplemental Methods 1 online for detailed information concerning plant cultivation and timing of sample collection. TCA, tricarboxylic acid.
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The Plant Cell among Cu-responsive transcripts, although Cu metalloproteins are not generally overrepresented in these classes. The RNA-Seq technology not only covers more genes than previous expression profiling platforms, it also generates more information at the single-gene level than most microarray-based methods. The transcript coverage of aligned reads across the genome was visualized based on the existing gene models on a local installation of the UCSC browser (http://genomes.mcdb. ucla.edu/ArthCopper/). For example, it was evident that the abundance of FRO4 transcripts was higher in Cu-deficient than in Cu-sufficient roots (see Supplemental Figure 5A online) and that compared with wild-type plants, SPL7 transcript abundance is strongly reduced in the spl7-2 mutant, with additional evidence for 39-terminal truncation, as expected (see Supplemental Figures 1 and 5B and Supplemental Data Set 1 online).
Data Validation and Identification of FRO4 and FRO5
Transcripts as Highly Cu Deficiency Responsive in Dependence of SPL7 An unsupervised motif search (Castruita et al., 2011) identified a core GTAC motif with AT-rich flanking nucleotides as highly overrepresented in the proximal regions upstream of genes that transcriptionally responded to Cu deficiency in the wild type but not in the spl7-2 mutant ( Figure 1A ; see Supplemental Figure 6 online). This was in agreement with the known core motif bound by SPL7 and other SBP-domain proteins (Klein et al., 1996; Birkenbihl et al., 2005; Kropat et al., 2005; Liang et al., 2008; Yamasaki et al., 2009; Sommer et al., 2010) .
We chose to focus initially on strongly Cu-responsive transcripts (Tables 1 and 2) that had not previously been identified as regulated in an SPL7-dependent manner. Out of these, transcript levels of the predicted ferric-chelate reductase-encoding gene FRO5 were quantitatively the most Cu responsive (Table 1) . Root transcript levels increased from undetectable levels under control conditions to 705 hits per million (hpm) under Cu deficiency. Root transcript levels of a second, highly homologous gene of the same family, FRO4, increased ;50-fold in response to Cu deficiency, again fully dependent on SPL7 (Table 1) . Transcript levels of FRO5, but not of FRO4, were also increased in shoots in response to Cu deficiency, but to a much lower level of only 3.5 hpm (Table 2) .
To confirm gene expression differences identified by RNA-Seq, we performed real-time RT-PCR analysis on the RNA from the two replicate experiments subjected to RNA-Seq, as well as from an additional independent experiment. For both FRO4 and FRO5, there was very good quantitative agreement between RNA-Seq and real-time RT-PCR data (Figures 2A and 2B ). This was also found for other genes chosen to span the entire range of Cudependent transcriptional changes. Transcript levels of NITRATE TRANSPORTER2.7 (NRT2.7), encoding a tonoplast nitrate transporter previously reported to be expressed specifically in seeds (Chopin et al., 2007) , were highly upregulated under Cu deficiency in roots, dependent on SPL7 (Table 1, Figure 2A ). In addition, root and shoot transcript levels of LAC2, previously proposed to be a target of miR397a (Abdel-Ghany and Pilon, 2008) , and shoot transcript levels of ARPN, proposed to be a target of miR408 (Abdel-Ghany and Pilon, 2008) , were highly repressed under Cu deficiency dependent on SPL7, consistent with the known SPL7 dependence of both MIR397a and MIR408 (Yamasaki et al., 2009) (Table 2 , Figure 2B ; see Supplemental Data Set 1 online for root LAC2). Transcript levels of Cox5b-1, which is one of the two Arabidopsis genes encoding the Zn binding subunit 5b of mitochondrial cytochrome c oxidase (Ferguson-Miller and Babcock, 1996) , were previously proposed to be targeted by miR398 (Yamasaki et al., 2007) Figures 2A and 2B] ). Finally, transcript levels of YSL3, reported to contribute to fertility and normal seed development as well as the allocation of metals (Cu and Fe) into various organs of Arabidopsis (Waters et al., 2006; Chu et al., 2010) , showed slight upregulation under Cu deficiency in both roots and shoots (;2.5-to 3.5-fold according to RNA-Seq (see Supplemental Data Set 1 online) and ;2.5-fold according to real-time , and this was only partially SPL7 dependent.
Overall, there was a linear correlation between results from RNA-Seq and real-time RT-PCR performed on the same RNA samples from two independent experiments ( Figure 2C ; y = 0.9593x + 0.0908 and R 2 = 0.92 for differences between treatments, and y = 0.9667x + 0.0106 and R 2 = 0.95 for differences between genotypes). This confirmed the reliability of estimating relative differences in transcript abundance using RNA-Seq and emphasized the large dynamic range of the RNA-Seq technique, in contrast with microarray-based analyses of gene expression (Czechowski et al., 2004) . Reproducibility between experiments was confirmed using RNA from a third, independent biological experiment for comparison by real-time RT-PCR ( Figure 2D ; y = 0.9897x + 0.3492 and R 2 = 0.99 for differences between treatments, and y = 1.0014x -0.1898 and R 2 = 0.98 for differences between genotypes).
Increase in Root Surface Cu(II) Chelate Reductase Activity in Response to Cu Deficiency Requires FRO4/FRO5 and SPL7 Among the most strongly Cu deficiency-responsive out of all Arabidopsis transcripts were those of FRO4 and FRO5, two genes located in tandem on Arabidopsis chromosome 5 (Tables 1 and 2 , Figure 2 ). These genes encode two functionally uncharacterized putative ferric chelate reductases of the FRO family (Mukherjee et al., 2006 ) of gp91phox-related haem-containing membrane proteins. Known root Cu uptake proteins of the COPT/Ctr-like family transport Cu in the reduced Cu(I) form (Hassett and Kosman, 1995; Eisses and Kaplan, 2005) , and Arabidopsis possesses six genes encoding members of this protein family. However, the most bioavailable and chemically stable oxidation state of Cu in soils is Cu(II), so that a reduction step is required for Cu acquisition via Cu(I) transporters. Nevertheless, no specific Cu(II) reductase has been identified in vascular plants so far (Robinson et al., 1999; Mukherjee et al., 2006; Burkhead et al., 2009) .
To assess whether FRO4 and FRO5 might act as Cu(II)-specific reductases, we measured root surface Cu(II) chelate reductase activities in Cu-deficient and Cu-sufficient wild-type and spl7 mutant seedlings cultivated under sterile conditions. Roots of Cu-deficient wild-type seedlings exhibited clearly detectable Cu(II) chelate reductase activity of ;8 mmol Cu(I) g 21 Figure 3A ). By contrast, activities were below 0.4 mmol Cu(I) g 21 fresh biomass h 21 in wild-type seedlings grown under Cu-sufficient conditions as well as in both Cusufficient and Cu-deficient spl7-1 and spl7-2 seedlings. This indicated that under Cu deficiency, root surface Cu(II) chelate reductase activity is strongly upregulated and that this is dependent on SPL7. To test our hypothesis that FRO4 and FRO5 contribute to this activity, we isolated a loss-of-function fro4 T-DNA insertion line exhibiting substantially reduced FRO4 transcript levels in comparison to the wild type (see Supplemental Figure 7 online). Moreover, we generated transgenic knockdown lines transformed with artificial microRNA (amiRNA) constructs targeting either FRO5 or both FRO4 and FRO5, in which the levels of intact target transcripts or of target proteins were substantially reduced by posttranscriptional or translational silencing, respectively (see Supplemental Figures 8 and 9 online). In FRO5 and FRO4FRO5 amiRNA lines, which differed from each other by a shift in the amiRNA target site of only 2 nucleotides (see Supplemental Figures 8A and 9A online), FRO5 transcripts were still detectable (see Supplemental Figures 8B and 9B online) . This was also observed in double transgenic Arabidopsis FRO5 amiRNA plants additionally carrying a 35S-FRO5-YFP-HA construct, which encodes a chimeric fusion protein of FRO5 with yellow fluorescent protein (YFP) and a human influenza virus hemagglutinin (HA) tag (see Supplemental Figure 8C online). However, FRO5-YFP-HA fusion protein signals were undetectable by either immunoblot or confocal microscopy in double transgenic FRO5 amiRNA lines, whereas the fusion protein was present in single transgenic lines devoid of the FRO5 amiRNA transgene (see Supplemental Figures 8D and 8E online) . This indicated that the silencing of FRO5 occurred at the level of translation in FRO5 amiRNA lines and, by similarity, also in the FRO4FRO5 amiRNA lines, in which, different from FRO5, FRO4 transcript levels were strongly reduced (see Supplemental Figure 9B online).
In contrast with the corresponding wild type (Col gl-1), neither the fro4 T-DNA insertion line nor the FRO5 or FRO4FRO5 amiRNA lines showed an increase in root surface Cu(II) chelate reductase activity under Cu deficiency when compared with control conditions ( Figure 3B ). This is consistent with a strong prediction for secretory pathway targeting of FRO4 and FRO5 (http://aramemnon. uni-koeln.de). Taken together, our results suggest that FRO4 and FRO5 encode root surface Cu(II) chelate reductases that are transcriptionally upregulated dependent on SPL7 in response to Cu deficiency, leading to increased enzyme activity.
Cu Uptake into Roots of Cu-Deficient Plants Is Dependent on FRO4/FRO5 and SPL7
To determine whether SPL7 and FRO4/FRO5 functions are required for root Cu uptake, we used the Cu-specific fluorophore Coppersensor-1 (CS1) as a tool to image intracellular Cu in root tips of 2-week-old seedlings by confocal laser scanning microscopy. Fifteen replicate root tips were imaged per genotype and Genes are shown if root transcript abundances were (1) changed by a factor of at least 8 in 6-week-old wild-type Arabidopsis (Col-0) cultivated in Cudeficient (ÀCu) hydroponic solutions when compared to control plants cultivated in modified Hoagland solutions (+Cu) (FDR < 0.01) and if Cudependent differences in transcript levels were dependent on SPL7, as concluded if (2) Tables 1 and 2. RNA-Seq of Cu Deficiency Responses Genes are shown if shoot steady state transcript levels were (1) higher or lower by a factor of at least 8 in 6-week-old wild-type Arabidopsis (Col-0) cultivated in Cu-deficient (ÀCu) hydroponic solutions when compared to control plants cultivated in modified Hoagland solutions (+Cu, control) (FDR < 0.01) and if Cu-dependent differences in transcript levels were dependent on SPL7, as concluded if (2) Figure 11 online). Upon shortterm supply of 10 nM exogenous Cu, the CS1 fluorescence signal was higher in root tips of Cu-deficient wild-type seedlings compared with Cu-sufficient wild-type seedlings (Figures 4D and 4F ; see Supplemental Figure 12 online), as observed above ( Figure  4B ). By contrast, CS1 fluorescence signal intensities indicated that Cu uptake rates were strongly reduced in roots of Cu-deficient fro4 and amiR-FRO5 seedlings and that there was no Cu uptake in roots of Cu-deficient amiR-FRO4FRO5 seedlings (Figures 4D and  4F ; see Supplemental Figure 12 online). In agreement with this, upon cultivation in Cu-deficient media, biomass production was reduced to lower levels in amiR-FRO4FRO5 plants than in the wild type (see Supplemental Figures 9C to 9E online) . No phenotype was observed on normal fertilized soil. Taken together, these results suggest that the increase in high-affinity root Cu uptake rates under Cu deficiency is dependent on SPL7 and requires FRO4 and FRO5. Consequently, Cu(II) reduction is required for high-affinity Cu uptake into roots.
Impaired Cu Accumulation in spl7-2 Mutant Plants
To test whether plant Cu levels reflect decreased root Cu uptake rates in spl7 mutants when compared with the wild type, metal contents were measured in shoots and roots of 6-week-old hydroponically grown plants by inductively coupled plasma atomic emission spectrometry. In shoots of spl7 plants grown under Cu-sufficient conditions, total Cu content was ;60% of the wild type ( Figure 5A ; see Supplemental Figure 13A online), although the mutant grew normally (see Supplemental Figures  2A to 2C online) . Total Cu content in roots of the spl7 mutants was only slightly lower than in the wild type ( Figure 5B ). Cu concentrations in spl7 were around 70% of the wild type values Root surface Cu(II) chelate reductase activity of wild-type (WT; Col-0) and spl7-2 seedlings (A) and of wild-type (Col gl-1), fro4, amiR-FRO5, and amiR-FRO4FRO5 seedlings (B) grown for 3 weeks on vertical glass plates in an agarose-solidified nutrient medium containing 0.5 mM CuSO 4 (+Cu, control) or no added Cu (ÀCu). Values are arithmetic means 6 SD of n = 3 replicate plates, from each of which 20 seedlings were pooled for analysis. Data are from one experiment representative of a total of four independent experiments. Note that basal activities in Cu-sufficient Col gl-1 seedlings are considerably higher than in Col-0 (see Yi and Guerinot, 1996) . Note that data in Figures 3A and 6A are based on plant material grown in a common experiment. Different letters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey's HSD). FW, fresh biomass.
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The Plant Cell Upon growth under Cu-deficient conditions, total Cu contents were drastically reduced in all genotypes to less than a quarter of Cu-sufficient controls ( Figure 5 ). Total Cu contents in roots and shoots of spl7 were around 70% of those in the wild type. Contrastingly, tissue concentrations of Cu in spl7 mutants were ;20 and 50% higher in roots and shoots, respectively, than in wild-type plants grown in Cu-deficient media (see Supplemental Figure 13 online). We interpret this as reflecting the inability of spl7 to economize on Cu because it cannot replace, for example, Cu/Zn superoxide dismutases by Fe superoxide dismutase isoforms under Cu deficiency (see Supplemental Figure 3 online) (Yamasaki et al., 2007) . Thus, in Cu-deficient media, spl7 mutants encounter severe growth impairment as a consequence of Cu limitation at higher tissue Cu concentrations than the wild type (see Supplemental Figure 2 online). Taken together, these data support our hypothesis that SPL7 is required for highaffinity root Cu uptake and confirm that Cu is limiting for growth of spl7 mutants when Cu availability is low.
Activation of Fe Deficiency Responses in Roots and a Low Fe Status in Shoots of Severely Cu-Deficient Plants
Our RNA-Seq transcriptome analysis suggested that upon growth in Cu-deficient media transcript levels of the characteristic Fe deficiency response genes, IRT1 and FRO2, were slightly, between 1.6-and 2-fold, increased in spl7-2 when compared with the wild type (see Supplemental Data Set 1 online). To test whether even these small changes in gene expression reflected physiological differences between mutant and wild-type plants, we analyzed various Fe deficiency markers in wild-type and spl7-2 plants. Compared with seedlings grown under control conditions, root surface ferric chelate reductase activity was increased in wild-type plants grown on Cu-deficient media and strongly, to approximately fivefold higher levels, in spl7 mutants ( Figure 6A ). Analysis of transcript levels by real-time RT-PCR quantitatively confirmed increased root FRO2 and IRT1 transcript levels in Cu-deficient spl7-2 when compared with the wild type ( Figures 6B and 6C) . At least in spl7-2, this was not dependent on a change in root FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR (FIT) transcript levels, which did not respond to Cu deficiency in the mutant and increased very slightly (1.16-fold, FDR = 0.02) in the wild type (see Supplemental Data Set 1 online) (Colangelo and Guerinot, 2004) . Root Fe deficiency responses are known to be systemically controlled through the shoot Fe status (Vert et al., 2003) . To test whether the transcriptional activation of Fe deficiency responses in roots was a consequence of a low physiological Fe status in shoots of spl7-2 under Cu deficiency, we measured biochemical markers of shoot Fe status. Indeed, the activity of catalase, a haem-Fedependent enzyme as well as Ferritin1 protein levels were decreased in shoots of spl7-2 mutants when compared with the wild type ( Figures 6D and 6E ). Taken together, these results suggest that Cu deficiency can cause secondary physiological Fe deficiency in plants and that this is particularly severe in spl7 mutants showing defects in high-affinity root Cu uptake and internal Cu economy. Values are arithmetic means 6 SD of average pixel intensities over the imaged area of n = 3 replicate plates, for each of which data were averaged from five root tips, from one experiment representative of a total of two independent biological experiments. Different letters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey's HSD). A.U., arbitrary units. Total Cu content in shoots (A) and roots (B) of 6-week-old wild-type (WT; Col-0) and spl7 mutant plants upon continuous cultivation in a hydroponic solution containing the usual concentration of 0.25 mM CuSO 4 (+Cu, control) or cultivation in a solution lacking added Cu (ÀCu) for the final 3 weeks before harvest. Values are arithmetic means 6 SD (n = 6 individuals for shoots, n = 3 pools from two individuals for roots). Data are shown from one experiment representative of a total of three independent experiments. Different letters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey's HSD).
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The Plant Cell Low plant Fe status in spl7 grown under Cu deficiency was associated with an ;60% reduction in total shoot Fe content compared with the wild type ( Figure 7A ). By contrast, total root Fe content was ;30% higher in spl7 than in the wild type grown under the same conditions ( Figure 7B ). This suggested a strong impairment of root-to-shoot Fe movement in spl7 mutant plants grown under Cu-deficient conditions when compared with spl7 grown on Cu-sufficient media or to the wild type. Cu deficiencyinduced root Fe accumulation was also apparent based on root and shoot Fe concentrations (see Supplemental Figure 14 online). Moreover, in shoots of spl7 grown on Cu-deficient media, a physiological Fe deficiency (see Figure 6 above) despite overall Fe concentrations equivalent to those in the wild type further suggested that intercellular Fe distribution in the shoot is also Cu dependent. In comparison to Cu sufficiency, a trend toward reduced root-to-shoot Fe movement under Cu deficiency was also apparent in the wild type ( Figure 7 ; see Supplemental Figure  14 online). Perls' stain for ferric Fe confirmed Fe accumulation in roots of spl7-2 and, to a lesser extent, of wild-type seedlings grown in Cu-deficient media ( Figure 7C ). Taken together, these data suggest that Cu deficiency leads to a reduction in root-toshoot Fe translocation and that this causes Fe deficiency in shoots, which in turn triggers Fe deficiency responses.
Partial Phenotypic Complementation of the Growth Defect of spl7-2 by High Fe Supply
We tested whether the spl7-2 mutant can be phenotypically complemented by adding extra Fe to the growth media (see Supplemental Figure 2 online). As shown earlier, spl7-2 seedlings grew normally on modified Hoagland medium but grew very poorly and were severely chlorotic in modified Hoagland medium (A) Root surface ferric chelate reductase activity of wild-type (WT; Col-0) and spl7-2 mutant seedlings grown on vertical agarose glass plates containing 0.5 mM CuSO 4 (+Cu, control) or no added Cu (ÀCu) for 3 weeks. Each value is the arithmetic mean 6 SD of n = 3 replicate pools of 20 seedlings grown per plate from one experiment representative of four independent biological experiments. Note that data in Figures 3A and 6A are based on plant material grown in a common experiment. FW, fresh biomass.
(B) and (C) Real-time RT-PCR analysis of transcript levels of FRO2 (B)
and IRT1 (C) in roots of 6-week-old wild-type and spl7-2 plants grown continuously in a hydroponic solution containing 0.25 mM CuSO 4 (+Cu, control) or grown in a solution lacking added Cu (ÀCu) for the final 3 weeks before harvest. Values are arithmetic means 6 SD of relative transcript levels normalized to EF1a, then multiplied by 1000, and were calculated from n = 4 technical replicates from one experiment representative of two independent biological experiments (see Supplemental Methods 1 online).
(D) Specific activities of the haem-dependent enzyme catalase in shoots of wild-type and spl7-2 plants cultivated as described for (B) and (C) above. Values are arithmetic means 6 SD of n = 3 replicate measurements from one experiment representative of two independent biological experiments. Different letters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey's HSD).
(E) Abundance of Ferritin1 (FER1) protein in shoots of wild-type and spl7-2 Arabidopsis plants cultivated as described for (B) and (C) above. Soluble protein extracts (30 mg) were separated on a denaturing polyacrylamide gel and transferred to a polyvinylidene fluoride membrane for immunoblot analysis using an anti-FER1 antibody (top panel). Protein loading was visualized on the membrane through Ponceau Red staining prior to immunodetection. Data shown are from one experiment representative of two independent biological experiments.
RNA-Seq of Cu Deficiency Responseslacking added Cu. When 50 mM extra Fe(III) N,N9-bis(2-hydroxybenzyl)-ethylenediamine-N,N9-diacetic acid was added to Cudeficient medium, growth of the spl7-2 mutant was improved and chlorophyll concentrations were restored to ;85% of wild-type levels ( Figure 8 ). This confirmed that the symptoms in the spl7-2 mutant are not exclusively caused by Cu homeostasis defects but partially reflect secondary Fe deficiency resulting from a defect in long-distance Fe movement in severely Cu-deficient plants.
Reduced MCO Activities in Severely Cu-Deficient Arabidopsis
In yeast and humans, Cu deficiency is known to disrupt Fe homeostasis because these organisms depend on Cu-containing enzymes (MCOs) that oxidize Fe(II) to Fe(III) in association with specific transmembrane Fe transport functions (Askwith et al., 1994; Harris et al., 1995; Muckenthaler et al., 2008) . In combination with the Fe homeostasis defects in the spl7 mutant, this prompted us to test for the presence and Cu dependence of MCO-related enzyme activities in plants (Figure 9 ). An in-gel enzyme assay showed that ferroxidase activity is detectable in roots of wild-type Arabidopsis plants and that this activity is severely reduced in spl7-2 plants cultivated under Cu deficiency, coinciding with the occurrence of Fe homeostasis defects ( Figure 9A ). Arabidopsis ferroxidase activity might be mediated by one or several of the 41 putative MCOs with homology to Saccharomyces cerevisiae Fet3p, C. reinhardtii FOX1, or human caeruloplasmin, encoded in the Arabidopsis genome. Phenoloxidase activity, which is classically attributed to laccases, migrated at approximately the same position as ferroxidase activity in denaturing SDS-PAGE gels and was also strongly reduced in spl7-2 grown under Cudeficient conditions ( Figure 9B ). In-gel activity assays also confirmed that superoxide dismutase activities were changed as expected in the different genotypes under the employed conditions ( Figure 9C ). Taken together, our data suggest that the disruption of a MCO activity acting as ferroxidase in Arabidopsis Fe homeostasis could underlie the defect in long-distance Fe transport observed in severely Cu-deficient spl7-2 mutant plants.
DISCUSSION
An Important Role for SPL7 in Cu Deficiency Responses of Shoots and Roots of Arabidopsis RNA-Seq technology was employed to obtain a genome-wide account of transcriptional responses to Cu deficiency in Arabidopsis as well as of the role of SPL7 therein. Expanding on previous work, 206 target genes for SPL7-dependent transcriptional regulation were identified, and our results highlight an important role for SPL7 not only in roots, but also in shoots, of Cu-deficient plants (Tables 1 and 2 Values are arithmetic means 6 SD (n = 6 individuals for shoots, n = 3 pools from two individuals for roots). Data are shown from one experiment representative of a total of three independent experiments. Different letters denote statistically significant differences (P < 0.05) between means based on ANOVA (Tukey's HSD).
(C) Detection of Fe(III) using Perls' stain in roots of wild-type and spl7-2 plants. Plants were cultivated as described above. Data shown are from one experiment representative of a total of three independent biological experiments. Bars = 1 mm.
14 of 24 The Plant Cell (Yamasaki et al., 2009 ). These miRNAs function in the downregulation of transcript levels of a known set of target genes, which have largely been identified (Yamasaki et al., 2007 (Yamasaki et al., , 2009 Abdel-Ghany and Pilon, 2008) . Consequently, SPL7 either activates the transcription of additional unidentified noncoding repressive transcripts or of downstream transcriptional repressors, or SPL7 itself might alternatively be able to repress transcription under Cu deficiency . By contrast, in Cudeficient C. reinhardtii, most of the significant alterations in mRNA abundance involve increases rather than decreases, and as many as about half of these genes are direct targets of the master regulator of nutritional Cu sensing CRR1 (Castruita et al., 2011) .
Additional Pathways of Cu Deficiency-Responsive Transcriptional Regulation Are SPL7 Independent
Genome-wide transcriptomics conducted here suggest that ;87% out of more than 1500 identified Cu deficiency-responsive transcripts are regulated in an SPL7-independent manner (Figure 1 ; see Supplemental Data Set 1 online). While a small subset of these responses might constitute symptoms of, rather than responses to, Cu deficiency, these results indicate that some transcriptional responses to Cu deficiency are controlled by yet unidentified transcription factors acting in SPL7-independent pathways. These are likely to make major contributions to the noteworthy transcriptional remodeling of secondary metabolism, biotic stress, cell wall, hormone metabolism, photosynthesis, and signaling in response to Cu deficiency (Figure 1 ). The existence of SPL7-independent pathways of Cu deficiency responsive transcriptional regulation is further supported by an only partial SPL7 dependence of transcriptional regulation of CSD2 and YSL3 (Figure 2 ; see Supplemental Figure 3 online). In this context, it is worth noting the existence of genes encoding the SPL7-related transcription factors SPL1 and SPL12 in the Arabidopsis genome. Transcript levels of numerous genes related to pathogen responses are remarkably increased under Cu deficiency, mostly independent of SPL7 (see Supplemental Data Set 1 online, shoots). Cu deficiency has profound effects on cell wall composition (Marschner, 1995) , and cell wall-derived signals have been implicated as elicitors of plant responses to pathogens (Hé maty et al., 2009 ). The activation of pathogen defense gene expression in Cu-deficient plants requires further investigation.
Metabolic Reorganization under Cu Deficiency Depends Partly on SPL7
A hallmark of Cu deficiency responses in algae and vascular plants appears to be the reorganization of metabolism for the replacement of Cu metalloproteins by functionally equivalent Cu-independent proteins. This is a result of transcriptional regulation dependent on CRR1 in C. reinhardtii and SPL7 in Arabidopsis (Yamasaki et al., 2009; Castruita et al., 2011) . Differing overall transcriptional responses suggest fundamental differences between the mechanisms and targets of Cu deficiency-triggered metabolic reorganization in C. reinhardtii and Arabidopsis (Castruita et al., 2011) (see Supplemental Data Set 1 online; Figure 1 ). Arabidopsis SPL7 acts as the transcriptional activator of CumiRNAs suppressing CSD transcript levels as well as of FSD1 (Yamasaki et al., 2009 ). Using transcript levels adjusted for Cu binding stoichiometry to approximate Cu quota, our data are consistent with the known major contribution to overall Cu economy through the reduction in CSD1 and CSD2 transcript levels in both roots and shoots, as well as with the SPL7 dependence of this (see Supplemental Table 1 online) (Burkhead et al., 2009) . Based on transcript levels, there appears to be only a single additional SPL7-dependently regulated target of metabolic reorganization with major consequences for global Cu use. Transcript levels of UCLACYANIN2 (UCC2) were the highest of all transcripts encoding Cu-dependent proteins in roots and reduced by 50% in Cu-deficient plants. This would reduce the estimated proportion of Cu-containing UCC2 from 24% of the Cu metalloproteome in sufficient plants to only 17% in Cu-deficient plants (see Supplemental Table 1 online). According to miRBase (http://www.mirbase.org), the UCC2 transcript carries a degenerate putative target sequence for miR408 at the beginning of its 39-untranslated region. By comparison to UCC2, our data suggest that the known Cu deficiency-dependent reduction in LAC transcripts makes much smaller contributions to overall Cu economy in roots, mainly through LAC2, LAC7, and LAC3, and virtually no contribution in shoots. Consequently, the downregulation of LAC expression under Cu deficiency might have a locally confined role in Cu economy or serve a different physiological function. Our finding that in wild-type roots neither ferroxidase nor phenoloxidase activity was strongly reduced 
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The Plant Cell under Cu deficiency suggests that the sum of activities of the contributing holoproteins is hardly affected in the wild type but strongly reduced in spl7-2 (Figure 9 ). Overall, in Cu-deficient wild-type plants, the estimated consumption of Cu through Cu-dependent proteins was reduced to 69 and 76% of Cu-sufficient control plants in roots and shoots, respectively. By contrast, such a reduction in Cu consumption through transcriptional regulation did not occur in roots of the spl7-2 mutants and was only very slight in spl7-2 shoots. This supports our hypothesis that spl7-2 faces a growth limitation partly because of a misallocation of Cu so that critical Cu-dependent apometalloproteins cannot be supplied with their cofactor and thus remain inactive. Yamasaki et al. (2009) observed similar Cu concentrations in wild-type and spl7-1 mutant seedlings grown under a given Cu supply, which is overall consistent with the data shown in this article (see Supplemental Figure 13 online). Based on this earlier observation, it was proposed that reduced expression of genes encoding Cu uptake systems, such as COPT1 and COPT2, is compensated by alternative Cu uptake transporters in spl7 (Yamasaki et al., 2009) . Instead, we propose here that under Cu deficiency conditions, Cu is limiting for biomass production of spl7 mutant plants, and the misallocation of Cu in spl7 results in increased Cu concentrations, whereas total plant Cu content is decreased when compared with the wild type ( Figure 5 ; see Supplemental Figures 2 and 13 and Supplemental Table 1 online) . Interestingly, a progressive increase in tissue Cu concentrations was observed under severe Cu limitation in barley (Hordeum vulgare) and is known as the Steenbjerg effect (Steenbjerg, 1951) . Thus, for Cu in particular, it can be misleading to estimate root nutrient uptake rates based on measurements of tissue concentrations, which reflect the outcome of numerous growth and nutrient homeostasis processes over the long term.
Taken together, our data are consistent with a paramount role of SPL7 in metabolic reorganization under Cu deficiency, although quantitatively minor aspects of this reorganization are SPL7 independent (see Supplemental Table 1 online). In the future, it will be important to address this at the protein level (Abdel-Ghany, 2009).
SPL7-Dependent Increase in FRO4 and FRO5 Transcript Levels in Response to Cu Deficiency
Both our RNA-Seq and real-time RT-PCR data confirmed all 14 Curesponsive transcripts that were recently shown to be regulated dependent on SPL7 (Sancenó n et al., 2003 (Sancenó n et al., , 2004 Wintz et al., 2003; Abdel-Ghany et al., 2005; Abdel-Ghany and Pilon, 2008; Yamasaki et al., 2009 ). However, of the 32 putative direct or indirect SPL7 targets identified recently using microarrays (Yamasaki et al., 2009) , only six were found in this study (see Supplemental Data Set 1 online). Moreover, this study identified 186 previously unreported putative SPL7 targets. These discrepancies might be attributable to a difference in plant age and cultivation system between our study and the earlier one. Moreover, the precision and large dynamic range of RNA-Seq allowed us to identify transcripts not known to be Cu regulated or SPL7 dependent before, either because microarrays were insufficiently sensitive or because these genes were not represented, for example, FRO4, FRO5 (cf. Mukherjee et al., 2006) (Tables 1 and 2, Figure 2 ). These data can serve as a basis for the identification of candidate proteins that may act in the replacement or compensation of reduced Cu-dependent functions under Cu deficiency (see Supplemental Data Set 1 online). Examples are POLYKETIDE SYNTHASE B, so far believed to be pollen specific, in the extracellular matrix (Kim et al., 2010) , or AOX1D to accommodate a possible reduction in activity of the Cu enzyme cytochrome c oxidase (Table 1) . Under Cu deficiency, the abundance of the NRT2.7 transcript encoding a transporter implicated in the vacuolar storage of nitrate increases in an SPL7-dependent manner in roots (Table 1, Figure 2) , constituting a regulatory link between Cu status and nitrogen metabolism that remains to be explained (Chopin et al., 2007) . The formation of a Cu-bound intermediate appears to be required in the biosynthetic pathway of the molybdenum cofactor that forms part of the enzyme nitrate reductase (Mendel, 2011) .
, YSL3, NRT2.7, BASIC HELIX-LOOP-HELIX FAMILY PROTEIN23, MIR169C, TOUCH4, ALTERNATIVE OXI-DASE 1D (AOX1D), PROTOCHLOROPHYLLIDE OXIDOREDUC-TASE B, GRIM REAPER
FRO4 and FRO5, which encode two functionally uncharacterized putative ferric chelate reductases of the FRO family (Mukherjee et al., 2006) , were among the most strongly Cu deficiency responsive out of all SPL7-dependently regulated transcripts, predominantly in roots (Table 1, Figure 2 ). The core binding motif of SBP domain proteins, including C. reinhardtii CRR1 and Arabidopsis SPL7 in vitro, is GTAC (Klein et al., 1996; Birkenbihl et al., 2005; Kropat et al., 2005; Liang et al., 2008; Yamasaki et al., 2009) , consistent with the results of motif enrichment analysis within promoter regions of putative SPL7 targets identified in this study (see Supplemental Figure 6 online). A motif search (http:// Arabidopsis.med.ohio-state.edu/) identifies five and 11 GTAC motifs within curated promoter sequences of FRO4 and FRO5, respectively (Davuluri et al., 2003) , both of which include four [AT] GTAC[AT] motifs (see Supplemental Figure 6 online). Consequently, both genes are likely to be direct SPL7 targets.
Ferric Chelate Reductases FRO4 and FRO5 Mediate Cu(II) Reduction at the Root Surface and Are Required for High-Affinity Root Cu Uptake Wild-type Arabidopsis plants responded to Cu deficiency by strongly inducing root surface Cu(II) chelate reductase activity, whereas this response was absent in both spl7 mutants and genotypes disrupted in the expression of either FRO4 or FRO5, or both (Figure 3 ; see Supplemental Figures 7 to 9 online). This is consistent with our hypothesis that these genes encode root surface Cu(II) chelate reductases. There was no correlation between root surface cupric and ferric chelate reductase activities across genotypes and conditions (Figures 3 and 6) . Thus, cupric ion reduction is not a side activity of a ferric reductase such as FRO2 (Robinson et al., 1999) but instead involves a Cu (II)-specific enzyme activity that can be estimated to have <1% activity toward Fe(III) as a substrate. Consistent with this, previous experiments addressing Cu accumulation and Cu sensitivity in FRO2-overexpressing plants have not been conclusive regarding an in vivo function for FRO2 in root Cu(II) reduction (Yi and Guerinot, 1996; Connolly et al., 2003) . In C. reinhardtii, four candidate reductases have been annotated in the genome (Merchant et al., 2006; Allen et al., 2007) , but it is not yet known whether any of these participates in Cu uptake.
Our results indicate that FRO4/FRO5-dependent Cu(II) reduction is required for high-affinity Cu uptake by Cu-deficient root tips of Arabidopsis (Figure 4 ; see Supplemental Figures 10 to 12 online). This finding implies that at least in root tips of Cudeficient seedlings, Cu(I) uptake into roots by proteins of the COPT family, such as COPT1, is predominant (Sancenó n et al., 2004) . In agreement with this, promoter-b-glucuronidase reporter studies conducted by these authors suggested the presence of COPT1 promoter activity in root tips. The major role of reductases in Cu uptake also indicates that the uptake of Cu(II), for example by ZIP2 and ZIP4 as suggested earlier Puig et al., 2007; Burkhead et al., 2009; Yamasaki et al., 2009) , plays only a minor, if any, role at the Cu concentrations employed here. This finding is further corroborated by a strongly reduced total Cu content in vegetative spl7-2 mutant plants when compared with the wild type ( Figure 5 ).
The FRO4 and FRO5 genes are located in tandem on chromosome 5, suggesting that they arose from a recent gene duplication event. A phylogenetic analysis of the amino acid sequences of the encoded proteins (Mukherjee et al., 2006) explains the partial functional redundancy between the two genes. The sum of Cu deficiency-inducible root surface Cu(II) chelate reductase activities of genotypes disrupted in either single FRO4 or FRO5 function alone was lower than the activity in the wild type ( Figure 3B ). An analogous observation was made with respect to initial root Cu uptake rates ( Figure 4F) . In both the fro4 T-DNA insertion line and the FRO5 amiRNA line, transcripts of the nontarget homolog were detectable (see Supplemental Figures 7B and 8B online) . Consequently, it is worth investigating whether FRO4 and FRO5 operate as functionally interdependent heterooligomers.
Interestingly, FRO4 and FRO5 are not only expressed in roots, but also in shoots, yet at a substantially lower level than in roots (Figure 2) . Different from roots, where both genes respond to Cu deficiency and are regulated dependently on SPL7, FRO4 expression is constitutive and independent of SPL7 in shoots. Cu was proposed to be transported in the xylem as Cu(II)-nicotianamine complex (Pich and Scholz, 1996; Krä mer and Clemens, 2005) , and the Cu(II) chelate reductase activities of FRO4 and FRO5 could contribute to reducing Cu(II) to Cu(I) before its cellular uptake in the shoot (Mukherjee et al., 2006; Yamasaki et al., 2009) .
A Cu Requirement for Fe Homeostasis in Arabidopsis
The requirement of Cu for root-to-shoot and intercellular mobility of Fe and the occurrence of secondary Fe deficiency in Cudeficient Arabidopsis are surprisingly reminiscent of the situation in mammals (Figures 6 to 8 ; see Supplemental Figure 14 online). In humans, the extracellular ferroxidase activities of the MCOs caeruloplasmin and haephestin are required for cellular Fe(II) export via the plasma membrane protein ferroportin 1 (Hellman and Gitlin, 2002) . Defects in human MCO activities cause pathological Fe accumulation in cells and organs acting as sources for Fe (re-)distribution, whereas sites of major Fe demand experience Fe shortage. In S. cerevisiae, high-affinity Fe uptake depends on the oxidation of Fe(II) by the MCO Fet3p prior to cellular Fe(III) import through Ftr1p (Askwith et al., 1994) . Likewise, in C. reinhardtii, the ferroxidase-like MCO FOX1 contributes to Fe assimilation under Fe deficiency (La Fontaine et al., 2002) , but Cu deficiency does not cause secondary Fe deficiency in this organism unlike in humans, yeast, and Arabidopsis.
The lack of ferroxidase activity in protein extracts from roots of spl7-2 grown under Cu deficiency (Figure 9 ), which coincided with a root-to-shoot Fe translocation defect (Figures 6 and 7) , was consistent with the possibility that one or several membrane transport steps in Fe homeostasis, likely in cellular Fe export, depend on MCO-mediated ferroxidase activity (Hoopes and Dean, 2004; McCaig et al., 2005) . If the decrease in a ferroxidase activity under Cu deficiency is the cause of the observed impairment in root-to-shoot Fe translocation, then the primary accumulation of Fe will occur in the ferrous oxidation state. This may explain the low intensity of the Perls' stain that is specific for (McCaig et al., 2005; Pourcel et al., 2005; Cai et al., 2006; Liang et al., 2006; Berthet et al., 2011) . Direct testing of our current working model will require the identification of the genes that account for the Cu requirement in plant Fe homeostasis.
If adequate Cu nutritional status is required to maintain Fe partitioning in Arabidopsis, we would expect the activation of Cu acquisition under Fe deficiency. Indeed, root COPT2 transcript levels were approximately sixfold upregulated in response to Fe deficiency in a partly FIT-dependent manner (Colangelo and Guerinot, 2004) .
In summary, comparative RNA-Seq analysis identified novel global transcriptional and physiological responses to Cu deficiency in Arabidopsis, as well as a number of prime candidate genes. We were able to show that SPL7 function is required for high-affinity root Cu uptake involving Cu(II) reduction via FRO4 and FRO5. Furthermore, our results show that severe physiological Cu deficiency results in a disruption of Fe homeostasis. Future work will aim to identify the Cu-dependent proteins in Fe partitioning, determine the functions of major Cu metalloproteins, and confirm major Cu deficiency responses at the protein level.
METHODS
Plant Material
The Arabidopsis thaliana T-DNA insertion lines SALK_093849 (spl7-1, Col-0 background) and SALK_125385 (spl7-2, Col-0 background) were obtained from the Nottingham Arabidopsis Stock Centre, based on http:// signal.salk.edu. A fro4 T-DNA insertion line (SAIL_159_H09; Col gl-1 background) was obtained from the ABRC (see Supplemental Methods 1 online for more information concerning the identification of the homozygous plants). For complementation of the spl7-2 mutant, a 5.9-kb genomic region spanning the entire SPL7 locus was PCR-amplified from Col-0. amiRNAs were designed to silence FRO5 and both FRO4 and FRO5, respectively, using the amiRNA designer interface WMD2 (http:// 18 of 24
The Plant Cell wmd2.weigelworld.org) and constructed by overlapping PCR using a template plasmid (pRS300) containing the MIR319a precursor, kindly provided by Detlef Weigel (Schwab et al., 2006; Ossowski et al., 2008) . To generate the initial 35S-FRO5-YFP-HA construct, the Gateway cloning system was used (Earley et al., 2006 ) (see Supplemental Methods 1 online for a detailed description of the generation of transgenic lines).
Growth Conditions and Experimental Treatments
For soil cultivation, plants were grown in plastic trays filled with ready-to-use commercial, prefertilized soil mixture Type Minitray (Terreau Professionell GePAC). After stratification of seeds on moist paper at 48C in the dark for 4 to 5 d, seeds were transferred onto soil. Germination and cultivation were conducted in a growth chamber at 208C, 50% relative humidity, in long-day conditions (16 h light, 8 h dark) at a light intensity of 100 to 120 mmol m 22 s 21 provided by fluorescent tubes (L58W/840 and L5W/25; Osram). Hydroponic cultivation was done in short days as described previously (Becher et al., 2004) . Cu deficiency treatments were initiated when plants were 3 weeks old and were continued for 3 weeks (see Supplemental Methods 1 online). Sterile plant growth was performed in vertically positioned round glass Petri plates (diameter of 0.15 m) in a climate-controlled growth chamber with a photoperiod of 11 h light/13 h dark at 145 mE m 22 s 21 during the day and day and night temperatures of 20 and 188C, respectively. Twenty sterilized seeds per plate were plated on control (+Cu; 0.5 mM CuSO 4 ) or Cu-deficient (2Cu; Cu omitted from solution) full-strength nutrient solution (Becher et al., 2004) supplemented with 1% (w/v) Suc and 1% (w/v) agar (Agar Type M; SigmaAldrich). After plating the seeds, plates were kept in the dark at 48C for 1 week. Three-week-old seedlings were harvested for chlorophyll quantification and measurement of root-surface Cu(II) and Fe(III) chelate reductase activities (see Supplemental Methods 1 online).
Determination of Biomass and Elemental Concentrations
After harvest of hydroponically grown plants, fresh biomass of shoot and root material was determined. Subsequently, shoots were rinsed in ultrapure water and blotted dry, and roots from two individuals of the same genotype, treatment, and hydroponic culture vessel were desorbed together in 150 mL of an ice-cold solution of 5 mM CaCl 2 and 1 mM MES-KOH, pH 5.7, for 20 min, with a replacement of the solution after 5 min, followed by two washes with ice-cold ultrapure water, each for 3 min. Shoot and root tissues were dried at 608C for 3 d. Dried shoot and root material was homogenized, weighed, and subsequently digested for the measurement of elemental concentrations by inductively coupled plasma atomic emission spectrometry (IRIS Advantage HX Duo; Thermo-Fisher) as described previously (Becher et al., 2004) . Three independent experiments were conducted, each comprising three replicate culture vessels per genotype and treatment.
RNA Extraction and Quantitative Real-Time RT-PCR
Total RNA extraction and quantitative real-time RT-PCR were done essentially as described earlier (Talke et al., 2006) , with primer sequences given in Supplemental Table 2 online (see Supplemental Methods 1 and  Supplemental Tables 2 and 3 online) .
High-Throughput Sequencing of mRNA Using the SOLEXA Technology
Ten micrograms of total RNA per sample was used to generate the cDNA Colony Template Libraries (CTLs) for high-throughput DNA sequencing using SOLEXA technology (Fasteris Genome Analyzer Service). Briefly, poly (A) transcripts were purified, and double-stranded cDNA synthesis was performed using oligo(dT) priming for first-strand synthesis. cDNA was fragmented into 50-to 200-bp fragments through nebulization, followed by end repair, addition of 39 adenine nucleotides, the ligation of adapters, gel purification to isolate fragments of 150 to 500 bp, and PCR amplification. For quality control analysis, an aliquot of each CTL was cloned into the TOPO plasmid, and 5 to 10 clones were sequenced using capillary sequencing. Subsequently, the CTLs were sequenced on the Illumina Genome Analyzer, generating two to seven million reads of 35 bases in length per sample. In total, 16 lanes (35 cycles each) were used to sequence all the samples (see Supplemental Data Set 1 online), with one lane per sample. Two replicate samples that were generated in independently conducted biological experiments were run for each treatment and genotype. The standard Illumina analysis pipeline was used for collecting raw images and base calling to generate sequence files, which were used as primary data files for further in-house analysis. Raw reads and processed data are available in the Gene Expression Omnibus (http://www.ncbi.nlm. nih.gov/geo/) under accession number GSE24696.
Data Analysis
Mapping Sequences
Raw sequence files from the Illumina pipeline were used for alignment against the TAIR7 genome release of Arabidopsis using SOAP (Li et al., 2008 ). An iterative mapping strategy was employed to maximize the number of aligned sequences (Gonzá lez-Ballester et al., 2010) . First, the original 35-mers were aligned with a tolerance of up to two mismatches. On average, we found a unique hit for 67.3% of the reads. The remaining reads were trimmed one base at a time (up to 21 nucleotides) from both the 59 and 39 ends and mapped again with no mismatches allowed, until a successful hit was found. Reads from both the 39 end of the transcript [containing a fraction of the poly(A) signal] or from exon-exon junctions, along with reads with more than two sequencing errors are expected to be rescued with this additional alignment round. On average, 5.6 million reads per library were mapped uniquely to the Arabidopsis genome.
Transcript Abundance
The oligo(dT) priming used for cDNA synthesis resulted in a uniform decay of coverage from 39-end in 59-direction over the length of each transcript, with 90% of reads mapping within 1050 nucleotides from the 39-end (see Supplemental Figure 15 
where the "·" symbol indicates sum over the corresponding index and c = 10 6 , so that T ij has units of hits per million. Because of the lack of fulllength transcript coverage upon oligo(dT) priming, these values are not expected to be proportional to the number of mRNAs in the cell in a given experiment, especially for transcripts shorter than 1000 nucleotides. However, both the number of alignment hits and the TRAs can be used for a quantitative evaluation of differential expression between two samples (see Figure 2 for a comparison with real-time RT-PCR estimates).
Differential Expression
The genes for which no hits were recorded across all the samples were discarded from the data set. For the genes for which hits were recorded in only a subset of the samples (e.g., low expression or strongly regulated genes), we attempted to account for the missing data. We replaced missing values with a small value of expression (0.1 hits per million). This data set, which we will refer to as "imputed data set," was used for downstream analyses. Differential expression can be detected by identifying the genes exhibiting significant variation in their TRA estimates. It has been shown (Marioni et al., 2008) that the distribution of total reads aligned per gene can be approximated by a Poisson distribution assuming random sampling (i.e., each read is sampled uniformly and independently from every possible read in the sample). A Poisson distribution is used to model H ij· and compute P values for differential expression using the method originally proposed for SAGE data by Audic and Claverie (1997) on pooled lanes for the same sample. Additionally, posterior probabilities of differential expression ((P) e [0, 1]) can be computed from the P values using a mixture-model approach (Allison et al., 2002) . This was implemented by the Cyber-T software (Baldi and Long, 2001 ) and used to filter genes above a given value of FDR. TRA values presented in this work correspond to the mean across independent repeats i of the experiment a(i) ð T aðiÞj Þ. Differential expression between two conditions (a(i),b(i)) for a gene j was considered significant only if jlog 2 ð T aðiÞj Þ 2 log 2 ð T bðiÞj Þj $ 1; and its FDR was lower or equal to 1%. The subset of genes thus determined to be differentially expressed were used for further comparative analyses.
Functional Overrepresentation Analysis
The enrichment of the set of target genes in a particular biological function was addressed by means of an overrepresentation analysis based on the MapMan functional ontology (Thimm et al., 2004) . MapMan is hierarchical in nature, with 36 primary functional categories called BINs, which further branch into subBINs distributed at several hierarchical levels. To avoid multiple assignments of a BIN/functional category to the same gene due to the hierarchical nature of MapMan, the subBINs were excluded from the overrepresentation analysis. Arabidopsis Genome Initiative codes are used as primary gene identifiers to avoid any further redundancy in assigning functional categories. For a list containing genes of interest, we calculated the percentage of genes in the list that were assigned to a particular BIN and made direct comparisons with the percentages of genes in the same BIN among all expressed genes, which correspond to the imputed data set referred to earlier. To test statistically if the BIN is overrepresented in the gene list compared with the imputed data set, we used Fisher's exact test for overrepresentation and corrected for multiple testing by the Benjamini-Hochberg method.
In Vivo Imaging of Cu(I) Using the CS1 Dye
Arabidopsis seedlings were grown on vertically positioned glass plates for 2 weeks. Apical root segments of ;10 mm in length were cut off with a razor blade, washed in 10 mM EDTA, pH 7.5, for 5 min, and then washed with ultrapure water three times for 5 min each. Root segments were subsequently incubated with 10 mM CS1 for 30 min in darkness (Zheng et al., 2006) . Fluorescence of CS1 was observed using a confocal laser scanning microscope (Leica SP5) with excitation at 543 nm using a Rhodamine filter and emission collected at 555 to 600 nm. Images of all root tips were collected at identical settings for gain, pinhole, and z position. To confirm that differences in fluorescence intensity reflect relative levels of intracellular Cu, root tips were incubated with 100 mM bathocuproine disulfonic acid [BCDS; a Cu(I) chelator] for 10 min and subsequently washed with 10 mM EDTA, pH 7.5, and three times with ultrapure water, prior to staining with 10 mM CS1 for 30 min in darkness. For the approximation of root Cu uptake activities, root tips were incubated with 10 nM CuSO 4 for 10 min and subsequently washed with 10 mM EDTA, pH 7.5, and three times with ultrapure water prior to staining with 10 mM CS1 as described above. Working solutions of CS1 in ultrapure water were diluted from a 2 mM stock made up in DMSO and stored at 2208C. The quantification of the CS1 fluorescence signal was done using the ImageJ software as described (Sinclair et al., 2007) .
Root Surface Cu(II) Reductase and Fe(III) Chelate Reductase Activities
Root surface activities of Cu(II) and Fe(III) chelate reductases were determined using intact roots of 3-week-old seedlings grown in sterile culture on vertically positioned round glass plates. As described previously (Yi and Guerinot, 1996) , the assay solution consisted of 0.1 mM Fe(III)NaEDTA and 0.3 mM FerroZine [3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-49,499-disulfonic acid] (Sigma-Aldrich) in ultrapure water for measurement of Fe(III) chelate reductase activity or 0.2 mM CuSO 4 , 0.6 mM Na 3 citrate, and 0.4 mM BCDS (Sigma-Aldrich) in ultrapure water for measurement of Cu(II) reductase activity, respectively. Roots from 20 seedlings were pooled and submerged in 1 mL of solution for each reductase assay. The assays were conducted in the dark and at room temperature. After 30 min for Fe(III) chelate reductase and 20 min for Cu(II) reductase, the absorbance of assay solutions was measured at 562 nm for the Fe(II)FerroZine complex and at 483 nm for the Cu (I)BCDS complex, respectively. Extinction coefficients were 28.6 mM 21 cm 21 for the Fe(II)FerroZine complex (Gibbs, 1976) and 12.25 mM 21 cm 21 for the Cu(I)BCDS complex (Welch et al., 1993) .
Localization of Fe(III) with Perls' Stain and Measurement of Chlorophyll Concentrations
Roots of plants cultivated hydroponically were used to determine Fe(III) localization as described previously (Green and Rogers, 2004) , with slight modifications (see Supplemental Methods 1 online). Concentrations of chlorophyll a/b and total chlorophyll were measured in the shoots of 3-week-old seedlings grown on vertically oriented round glass plates as described (Porra et al., 1989) .
Immunoblots and Determination of Enzyme Activities
For immunoblotting, 30 mg of soluble protein extract (see Supplemental Methods 1 online) was separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane with a Bio-Rad transfer system (Mini Trans Blot Cell; Bio-Rad). The membrane was incubated with anti-At-FER1 antibody (dilution 1:1000) kindly provided by F. Gaymard (Arnaud et al., 2007) , followed by a horseradish peroxidase-conjugated secondary antibody (dilution 1:10,000) using standard protocols (Sambrook and Russel, 2001) . In-gel detection of phenol oxidase and ferroxidase activities was conducted as described (Hoopes and Dean, 2001) , with some modifications (see Supplemental Methods 1 online). Electrophoresis and in-gel detection of superoxide dismutase activities were done as previously described (Ghasemi et al., 2009) . Catalase activity was determined using a UV spectrophotometric method as described (Ghasemi et al., 2009 ).
Statistical Analysis
Single comparison of means were performed using Student's t test, and multiple comparisons were performed by two-way analysis of variance (ANOVA; Tukey's honestly significant difference [HSD]) using Statgraphics software (version XV.I; Statpoint Technologies) unless indicated otherwise. In silico promoter analysis was conducted as described by Castruita et al. (2011) .
Accession Numbers
Raw reads and processed data are available in the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE24696. Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: At5g18830 (SPL7), At5g23990 (FRO5), At5g23980 (FRO4), At2g03445 (MIR398A), At5g14545 (MIR398B), At3g56240 (CCH), At5g59030 (COPT1), At1g07890 (APX1), At1g60960
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The Plant Cell (IRT3), At4g19690 (IRT1), At1g01580 (FRO2), At5g53550 (YSL3), and At3g15640 (COX5b-1) (see also Tables 1 and 2 ).
Supplemental Data
The following materials are available in the online version of this article. 
Supplemental
